In order to analyze the molecular mechanisms underlying the responses of plants to different levels of drought stress, we developed a soil matric potential (SMP)-based irrigation system that precisely controls soil moisture. Using this system, rice seedlings were grown under three different drought levels, denoted Md1, Md2 and Md3, with SMP values set to À9.8, À31.0 and À309.9 kPa, respectively. Although the Md1 treatment did not alter the visible phenotype, the Md2 treatment caused stomatal closure and shoot growth retardation (SGR). The Md3 treatment markedly induced SGR, without inhibition of photosynthesis. More severe drought (Sds) treatment, under which irrigation was terminated, resulted in the wilting of leaves and inhibition of photosynthesis. Metabolome analysis revealed the accumulation of primary sugars under Md3 and Sds and of most amino acids under Sds. The starch content was increased under Md3 and decreased under Sds. Transcriptome data showed that the expression profiles of associated genes supported the observed changes in photosynthesis and metabolites, suggesting that the time lag from SGR to inhibition of photosynthesis might lead to the accumulation of photosynthates under Md3, which can be used as osmolytes under Sds. To gain further insight into the observed SGR, transcriptome and hormonome analyses were performed in specific tissues. The results showed specific decreases in indole-3-acetic acid (IAA) and cytokinin levels in Md2-, Md3-and Sds-treated shoot bases, though the expression levels of hormone metabolism-related genes were not reflected in IAA and cytokinin contents. These observations suggest that drought stress affects the distribution or degradation of cytokinin and IAA molecules.
INTRODUCTION
As sessile organisms, plants have evolved sophisticated systems to adapt to continuously changing environmental conditions at the molecular, cellular and physiological levels. Water deficit is a major factor restricting the growth, survival and productivity of plants. Under conditions of osmotic stress, such as drought and high salinity, numerous genes that function in stress responses and tolerance are induced, and the plant hormone abscisic acid (ABA) accumulates and plays a crucial role in controlling the expression of stress responsive genes, leading to cellular and physiological responses to osmotic stress (Bartels and Sunkar, 2005; Yamaguchi-Shinozaki and Shinozaki, 2006; Mittler and Blumwald, 2010; Yoshida et al., 2014) . Osmotic stress affects photosynthesis and decreases the production of photosynthates (Pinheiro and Chaves, 2011) . As photosynthate deficiency often causes shoot growth retardation (SGR), growth reduction under drought stress conditions has been considered a secondary effect of reduced photosynthetic activity and stomatal closure. However, because SGR under drought stress conditions occurs immediately prior to the inhibition of photosynthesis (Boyer, 1970; Muller et al., 2011; Ings et al., 2013) , it has been hypothesized that plants actively decrease shoot growth to save photosynthetic resources and decrease the transpiration area as an adaptive response to stress (Skirycz and Inz e, 2010; Claeys and Inz e, 2013) .
Recent transcriptome analyses have identified many drought-inducible genes involved in stress tolerance and stress responses in several plant species. These genes encode metabolic enzymes, late embryogenesis-abundant (LEA) proteins, detoxification enzymes, chaperones, protein kinases, transcription factors and other gene products (Maruyama et al., 2014; Nakashima et al., 2014) . In contrast, under severe drought conditions photosynthesis-related genes are downregulated in various plant species, including Arabidopsis and rice . Metabolite profiles have been reported for several plant species under dehydration conditions. The levels of glucose, fructose, raffinose family oligosaccharides, proline, branched-chain amino acids (BCAAs) and other metabolites are significantly higher in dehydration-treated plants compared with untreated control plants (Urano et al., 2009; Verslues and Juenger, 2011; Maruyama et al., 2014) . Increased levels of several metabolites under dehydration conditions were correlated with the expression levels of biosynthetic genes, many of which are regulated by endogenous ABA (Urano et al., 2009; Maruyama et al., 2014) . Many regulatory proteins, such as transcription factors that regulate the expression of the stress-inducible genes, have been identified (Sharma et al., 2013; Hu and Xiong, 2014; Todaka et al., 2015) . To enhance abiotic stress tolerance in plants, a variety of transgenic plants overexpressing various genes encoding regulatory proteins have been generated. Some of these transgenic plants have shown increased drought stress tolerance and growth retardation (Kasuga et al., 1999; Ito et al., 2006; Sakuma et al., 2006; Todaka et al., 2015) , supporting the hypothesis that plants actively decrease growth as an adaptive response to stress by regulating the expression of genes under mild drought stress conditions. Several studies have been conducted in Arabidopsis to understand the molecular mechanisms underlying the regulation of growth in response to mild drought stress (Claeys and Inz e, 2013; Dubois et al., 2013) . These studies proposed a mechanism involving a pathway initiated by ethylene accumulation to control cell proliferation in Arabidopsis leaf development under conditions of mild drought stress. The accumulated ethylene upregulates the transcript levels of ethylene-responsive element binding factor 6 (ERF6), a gene encoding an ethylene response transcription factor. The ERF6 protein activates the expression of the gene encoding a gibberellic acid (GA) oxidase, which inactivates GAs and stabilizes DELLA proteins. The DELLAs increase APC/C (anaphase promoting complex/cyclosome) activity through the transcriptional repression of APC/C inhibitors, thereby abolishing cell proliferation. In rice, some growth regulatory mechanisms are different from the mechanisms in Arabidopsis because ethylene clearly acts as a positive growth regulator under various stress conditions (BaileySerres et al., 2012; Fukao and Xiong, 2013) . We recently identified Oryza sativa phytochrome-interacting factor-like 1 (OsPIL1), a gene for a transcription factor that activates the expression of cell wall-related genes and promotes cell expansion . Expression levels of OsPIL1 were decreased under drought conditions, suggesting that OsPIL1 functions as a negative growth regulatory factor under drought conditions .
To monitor plant growth under mild drought conditions, control of soil water content is indispensable. PHENOPSIS (Granier et al., 2006) , WIWAM (Skirycz et al., 2011b) and Phenoscope (Tisn e et al., 2013) are automated phenotyping platforms that regulate the soil water content in each pot. Control of the water content in the soil pots of the platforms is based on the planted pot weight, which includes the growing plant biomass. Therefore, the effects of the growing plant biomass should be considered when analyzing high-biomass plant species such as rice and maize. The soil matric potential (SMP) indicates soil water tension, which is equivalent to the effort required for plant root systems to extract water stored in the soil, suggesting that the SMP can be used as an indicator showing the level of drought stress for the analysis of responses in various species of plants, including high-biomass plant species.
In this study, we developed a watering system that is able to adjust the SMP, and we used this system to investigate Con Md1 Md2 Md3
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(j) changes in rice shoot growth under three different levels of mild drought stress. The histological and biochemical traits of seedlings were also analyzed. Accumulated metabolites and differentially expressed genes (DEGs) in the shoots of plants treated under these mild drought conditions were globally identified. To gain further insight into the droughtresponsive SGR, DEGs and the phytohormone content in the shoot base, including the shoot apical meristem (SAM), of seedlings treated with mild drought stress were investigated.
RESULTS
Development of a soil moisture control system and morphological aspects of rice plants cultivated using this system
To investigate the responses of plants to different levels of drought stress, we developed a new system that automatically controls the SMP (Figure 1a -e). The system consisted of SMP sensors, solenoid valves and a control unit. The cultivation container was 33.0 cm long, 12.5 cm wide and 13.5 cm high, and 32 seedlings were planted in one container. The sides of the box were permeable to air. The sensor was embedded in the center of the container and irrigation was carried out by two nozzles fixed on the soil surface. The system sensed the SMP every 15 min, with watering being performed when the value of SMP was below the set value. Using this system, we established three levels of drought stress, Md1, Md2 and Md3. The SMPs under Md1 and Md2 treatments were maintained between À5 and À10 kPa and between À25 and À30 kPa, respectively ( Figure 1f , Table S1 in the Supporting Information). Under Md3 treatment the SMP fluctuated slightly but finally stabilized within a range of approximately À250 to À500 kPa (Figure 1f ). These SMP values were considerably higher than the permanent wilting point at -1500 kPa, and these treatments appear to reflect initial drought stress conditions. The SMP for the control (Con) treatment was set at values near 0 kPa, which is equivalent to the SMP in a paddy field. The soil water content (SWC), which was correlated with the SMP (Figure 1g ), was nearly uniformly distributed within each individual experimental container (Figure 1h-j) .
Rice seedlings at the 2.5-leaf stage were subjected to Con and Md1-Md3 treatments for 11 days. In plants treated under Con, Md1 and Md2 conditions, the fourth leaves were fully or partially expanded, whereas in the Md3-treated plants, the fourth leaf had not emerged (Figure 2a, b) . The lengths of the third leaves in the Md2-and Md3-treated plants were decreased compared with that in the Con-treated plants, and the magnitude of the reduction observed in the Md2-treated plants was less than that in the Md3-treated plants. To gain further insight into the effects of different levels of drought stress on leaf growth, the lengths of the first to fourth leaves were measured every 2 days from 14 to 26 days after imbibition (DAI) (Figure S1a-h) . The results showed that the Md2 and Md3 treatments affected both the leaf growth rate and the final leaf size. Further, the fresh weights of the Md2-and Md3-treated plants were decreased compared with that of the control plants (Figure 2c ). The dry weight of only Md3-treated plants was significantly lower than that of control plants (Figure 2d) . Notably, the leaves of Md3-treated plants were not wilted. Considering that drought stresses utilized in previous studies have caused wilting (Rabbani et al., 2003; Ito et al., 2006; Nakashima et al., 2007; Maruyama et al., 2012 Maruyama et al., , 2014 Todaka et al., 2012) , the Md1, Md2 and Md3 treatments are milder drought stress conditions than in these previous works.
The morphological aspects of seedlings subjected to severe drought stress As our newly developed irrigation system cannot control the severe drought conditions under which leaf wilting occurs, due to the detection limit of the sensors, we did not use this irrigation system to perform such experiments. Instead, we treated plants with two different severe dehydration stress conditions. One condition was achieved after withholding water from plants grown in soil containers (Sds, severe dehydration stress in soil containers), as previously reported (Ito et al., 2006; Maruyama et al., 2012 Maruyama et al., , 2014 . The other condition involved pulling plants from the soil and leaving them on the bench (Sda, severe dehydration stress by air drying), as previously reported (Rabbani et al., 2003; Nakashima et al., 2007; Todaka et al., 2012) . In the present study, the duration of the Sds and Sda treatments was 7 to 8 days and 8 h, respectively. The SMP of the Sds condition could not be measured because this parameter was beyond the limits of the sensor used here. Therefore, we used the SWC value for comparison between the Sds and Md3 treatments. The SWC values of the nine locations within each individual container were almost uniformly decreased by the Sds treatment (Figure S2a) . The SWC values at the end of the Sds treatment were lower than those of the Md3 treatment, indicating that Sds imposed more severe stress than Md3. The Sds and Sda treatments caused leaf wilting, whereas the Md3 treatment did not. The third-leaf lengths, fresh weight and dry weight of Sds-treated plants were dramatically decreased compared with those of the control plants ( Figure S2b -e).
Histological properties of the leaf sheath and stomatal apparatus, photosynthesis activity and relative water content of the seedlings cultivated using the watering system
To clarify whether decreases in the leaf lengths of the plants grown under mild drought conditions reflected decreases in cell size, we observed sections of the thirdleaf sheath. The Md3-treated plants presented vertically shorter parenchyma cells than the control plants (Figure 3a, b) . We were unable to analyze the cell size or shape in the Sds-or Sda-treated plants because it was difficult to prepare sections from these plants. The histological features of the vascular bundle and SAM did not differ among the control and Md2-and Md3-treated plants ( Figure 3e ). In contrast, the Sda and Sds treatments dramatically decreased the F v /F m ratio. The relative water content (RWC) is widely used as an indicator of plant water status under drought conditions. The RWC values were not significantly different among the control and the Md1-Md3-treated seedlings but were clearly decreased in the Sds-and Sda-treated seedlings (Figure 3f ), confirming that Sds and Sda imposed more severe stress than Md3.
Metabolites accumulated in shoots grown under different levels of drought stress
To explore the metabolite changes observed under different levels of drought stress, the levels of 72 primary metabolites were quantified by gas chromatography-mass spectrometry (GC-MS) analysis (Figure 4a -c). The results of the principal component analysis (PCA) of these metabolite profiles demonstrated that the control treatment was not separated from the Md1 or Md2 treatments but clearly separated from the Md3 or Sds treatments (Figure 4d ). There was also a clear separation between the Md3 and Sds treatments. The Md3 and Sds treatments resulted in significant accumulation of various sugars, including glucose, erythritol/threitol, galactinol and raffinose (Figure 4a ), indicating that the levels of a wide variety of sugars and sugar alcohols were increased under both the Md3 and Sds conditions. In contrast, most amino acids were exclusively accumulated in Sds-treated plants (Figure 4b) . Among organic acids, the levels of GABA, lactic acid dimer, salicylic acid and 2-amino-adipic acid in the Sds-treated plants were increased, whereas the levels of citric acid and glyceric acid were decreased compared with control plants (Figure 4c ). An enzymatic assay for glucose quantification confirmed increases in the Md3-and Sdstreated plants (Figure 4e ). The chlorophyll a content was increased in the Md2-treated plants (Figure 4f ), while the content of chlorophyll b was elevated in the Md3-treated plants (Figure 4g ). The Sds treatment doubled both the chlorophyll a and b content (Figure 4f, g ). The chlorophyll a/b ratios were no different between these treatments (Figure 4h ). The starch content was increased in the Md3-treated plants, whereas in the Sds-treated plants the content was reduced (Figure 4i ). Marked increases in the ABA content were observed in the Sds-treated plants (Figure 4j ). In the Md3-treated plants, the content was slightly but significantly increased.
Comprehensive sets of DEGs in the shoots of Md2-, Md3-and Sds-treated seedlings
Transcriptome analyses were performed to investigate the DEGs in the shoots of Md2-, Md3-and Sds-treated seedlings. These analyses identified more than 4000 DEGs (Tables S2-S7 ). Venn diagrams showed that the number of In (e)-(j) the vertical bars indicate the SDs. **P < 0.01 and *P < 0.05 compared with the control, as determined through a Tukey-Kramer test.
PC1 (55.6%)
PC2 (15.7%) (Figure 5a) . A comprehensive set of DEGs in the shoots of Sda-treated seedlings was also identified (Tables S8 and S9), showing that approximately 70% of DEGs in Sda-treated plants overlapped with those in the Sds-treated plants (Figure S2j) . The functional significance of the identified DEGs was analyzed based on Gene Ontology (GO) (Figure 5b ). Although various GO terms were commonly or differentially enriched among the analyzed sets, the GO term related to photosynthesis was only detected in the set of genes downregulated under the Sds condition. To confirm and investigate changes in the expression of the DEGs through transcriptome analyses, the expression levels of several genes were checked by quantitative RT-PCR analyses. These analyses of OsLEA14, OsPSAN, LHCB4.1, OsCIN2, OsNIN2, Os03 g0351300 and OsBamy1 confirmed the validity of the transcriptome datasets (Figure 5d-j) .
The expression of most genes related to photosynthetic light reactions and the Calvin cycle was decreased only in the Sds-treated plants (Figure 5k ). Vac-INV and sucrose synthase, which are involved in sucrose degradation, were upregulated after Md3 treatment (Figure 5l ), suggesting that they are candidate genes for glucose and fructose accumulation in Md3-treated plants. The AGPase and starch synthase genes, encoding enzymes for starch biosynthesis, were upregulated in Md3-treated plants. In Sds-treated plants, three AGPase and two starch synthase genes were downregulated. The expression of most genes encoding alpha-and beta-amylases, which are representative enzymes responsible for starch degradation, was not changed in Md2-and Md3-treated plants, while the expression of three alpha-amylases and three beta-amylases was upregulated after Sds treatment. The expression patterns of the genes involved in starch degradation support the results that starch was accumulated after Md3 treatment and decreased after Sds treatment.
A number of LEA genes were upregulated after Md3, Sds and Sda treatments ( Figure S4 ). The expression of the OsDREB1C and OsDREB2A genes was increased in Sdsand Sda-treated plants. The OsAREB1, OsAREB8, TRAB and OsHox24 genes were upregulated in both Md2-or Md3-treated plants and Sds-or Sda-treated plants. The expression of the OsPIL1 gene was decreased after the Sds and Sda treatments, but the expression was not changed after the Md2 and Md3 treatments. An in silico gene expression analysis using the public search engine GENE-VESTIGATOR showed that most of the genes upregulated under the Md3 and Sds conditions were ABA-induced genes and that most of the genes downregulated under the Md3 and Sds conditions were ABA-repressed genes ( Figure S5 ). The expression of OsNCED3, a gene involved in ABA biosynthesis, was markedly increased after Sds treatment (Figure 5c ). The Md1, Md2 and Md3 treatments also increased the expression of the OsNCED3 gene compared with the control plants, although the expression levels were markedly lower than those observed in the Sds-treated plants. We identified cis-elements that were over-represented in the promoter regions of the DEGs in the Md2-, Md3-and Sds-treated plants compared with the promoter regions of all the genes in the rice genome (Table S10 ). The set of genes downregulated under the Md3 condition included uncharacterized hexamers such as CGATCG, GATCGA and ATAGCC.
Comprehensive sets of DEGs in the basal regions of Md3-and Sds-treated seedlings
To gain further insight into the mechanism that induces SGR under mild drought conditions, we focused on the SAM in rice seedlings. At the seedling stage, the SAM is located at the basal region of the shoot (Figure 6a ). Therefore, we extracted RNA samples from the basal region, and for comparison we also extracted RNA samples from the second leaves where growth development was nearly complete ( Figure S1B, F) . To assess the validity of the tissue-specific materials, we investigated the expression levels of RSS1, a SAM-specific gene (Ogawa et al., 2011) , and the gene encoding chlorophyll a/b-binding protein (LHCB4.1), which is abundantly expressed in photosynthetic tissues (Klimmek et al., 2006) . The RSS1 expression level was markedly higher in the samples from the basal region than in the samples from the second leaves under control conditions (Figure 6b ), whereas the expression of LHCB4.1 was higher in the second leaves than in the basal region (Figure 6c ), indicating that the basal region samples were enriched in the transcripts of genes specifically expressed in SAM cells. Figure 3 . The pathway diagram of the expression patterns of starch metabolism-related genes was similarly created using MapMan.
Transcriptome analyses identified DEGs in the basal regions of the Md2-, Md3-and Sds-treated plants compared with the basal regions of the control plants (Tables S11-S16, Figure S6 ). In the basal region of the Md3-treated plants, markedly greater numbers of DEGs were identified compared with in the shoots (Figure 6d ). Various GO terms showing significant enrichment were detected among the genes that were up-and downregulated in the basal regions of the Md3-and Sds-treated plants (Figure 6e) . Notably, the over-represented GO terms in the set of genes that were downregulated in the basal regions of the Md3-and Sds-treated plants included the cell division and cell wall terms. Changes in the expression of genes related to cell expansion and cell division in the transcriptome analyses conducted in the present study are shown in Figure 5 (f). The expression levels of 44 genes related to cell expansion, encoding xyloglucan endotransglycosylase, polygalacturonase, cellulose synthase, beta-1,3 glucanase and expansin, were decreased under Md3 and/ or Sds conditions, whereas the expression of several cell expansion-related genes was slightly increased under these conditions. The expression of most of the cell division-related genes distributed in different cell cycle phases was also decreased in the basal regions of the Md3-and Sds-treated plants. (Raynaud et al., 2005) . The expression patterns of some genes related to cell division and cell expansion in the basal region and second leaves were investigated via quantitative RT-PCR (Figure 6g-k) . The results confirmed that the expression of genes related to cell expansion and cell division was strongly affected by mild and severe drought stress in the basal region.
The analysis of the over-represented hexamers in promoter sequences of the DEGs in the basal region showed that ABA-responsive elements (ABREs) were over-represented in the promoter sets of the genes upregulated under the Md3 and Sds conditions (Table S10) . Unknown nucleotide sequences, specifically CGTGTC under the Md3 and Sds conditions and GACACG under the Md3 condition, were also detected in these promoter sets. We also assessed the presence of the MSA element, a cis-element for MYB3R4 (Ito, 2000) . The core nucleotides AACGG were observed in the promoter regions of some cell divisionrelated genes that were downregulated in the basal regions of Md3-or Sds-treated plants ( Figure S7 ).
Changes in the phytohormone content in the basal regions of Md2-, Md3-and Sds-treated seedlings GENEVESTIGATOR showed that the expression of many of the genes upregulated in the basal regions under Md3 and Sds conditions was increased by ABA treatment (Figure S8) . However, it was unclear whether other phytohormones were involved in the SGR observed under the Md2, Md3 and Sds conditions. Therefore, we measured the endogenous levels of various phytohormones in the basal regions and second leaves through liquid chromatography-mass spectrometry (LC-MS). The levels of cytokinin-related molecules, specifically tZR, tZRPs, cZR, cZRPs, iPR, iPRPs, tZ9G, tZOG, tZROG and iP9G, were decreased in the basal regions under Md2, Md3 and/or Sds conditions (Figures 7a and S9 ). The level of GA1 was also decreased in the Md3-treated basal regions and it was not detected in the Sds-treated basal regions. In contrast to these hormones, the level of ABA was increased in the Md3-and Sds-treated basal regions and in the Sdstreated second leaves. The level of jasmonic acid (JA) was also elevated in the Sds-treated basal regions and Sdstreated second leaves. Similar to the cytokinin-related molecules, the level of indole-3-acetic acid (IAA) was decreased in the Md2-, Md3-and Sds-treated basal regions. IAA-Asp, which is thought to be a precursor for IAA degradation, accumulated specifically under the Sds condition in the second leaves. We then analyzed the expression profiles of the CYP735A3 and CYP735A4 genes, encoding the key enzyme for the biosynthesis of trans-zeatin (tZ), which has been reported to act as an active cytokinin molecule for shoot growth (Kiba et al., 2013) , through quantitative RT-PCR. The expression levels of these genes were not decreased in the basal regions any of the Md2-, Md3-or Sds-treated plants (Figure 7b) . Similarly, our transcriptome data showed that none of the genes encoding the key enzyme for IAA biosynthesis, YUCCA, was up-or downregulated under Md2 conditions, 
and most of the genes were not up-or downregulated under Md3 and Sds conditions (Figure 7c ). We also examined the changes in the expression of genes involved in the degradation of cytokinins (cytokinin oxidase/dehydrogenases, CKXs), and those responsible for the formation of IAA amino acid conjugates (GH3s). None of the CKX and GH3 genes were up-or downregulated under Md2 conditions, and most of these genes were not up-or downregulated under Md3 and Sds conditions (Figure 7b,  c) . These results suggest that the observed changes in cytokinins and IAA in the Md2-, Md3-and Sds-treated basal regions were not caused by transcriptional regulation of the genes responsible for their biosynthesis and catabolism. The expression levels of OsNCED3 and OsNCED1 were increased in the basal regions under Md3 and Sds conditions and in the second leaves under Md3 and Sds conditions, or only under Sds conditions (Figure 7d) , indicating a correlation between the amount of ABA and the expression levels of these genes.
DISCUSSION
In the present study, we developed a watering system that controls soil moisture by monitoring the SMP. This system enabled us to investigate the features of plants treated with various levels and durations of mild drought stress, and these conditions are reproducible because the SMP is not dependent on the type of soil. The watering system created three different levels of mild drought conditions, denoted Md1-Md3, and leaves did not wilt under these conditions. To validate the specificity of this mild drought stress, we also performed experiments using seedlings treated with severe drought stress that did cause leaf wilting. Our findings revealed the responses of rice plants to these different levels of drought stress, reflecting plant acclimation processes to such drought stress. Figure 8 provides a model for the acclimation processes to drought stress in rice plants. The Md1-treated plants showed no differences compared with the control plants. The Md2 treatment decreased shoot growth, stomatal opening and cytokinin and IAA contents. The Md3 treatment caused marked SGR coupled with decreases in the expression levels of genes associated with cell elongation and cell division in the shoot basal region. In addition to these responses, ABA, particular sugars and starch accumulated in Md3-treated plants.
Under the Md2 condition, decreased cytokinin and IAA contents were observed in the shoot basal region that includes the SAM, even though the expression levels of the genes encoding enzymes responsible for the biosynthesis and degradation of these hormones were not significantly altered in the same tissue (Figure 7b, c) . The discrepancy between the contents of cytokinins and IAA and the expression levels of related genes raises the possibility that mild drought stress can alter the distribution of translocated cytokinin and IAA molecules. We consider that in comparison to altering the expression levels of genes responsible for the synthesis/degradation of phytohormones, changing the distribution of phytohormones confers the advantage of a rapid and reversible response to non-stressed and mild drought conditions. It is well known that changing the distribution of phytohormones is important for acute responses such as phototropism (Fankhauser and Christie, 2015) and gravitropism (Vandenbrink et al., 2014) . Moreover, it has also been shown that transport of cytokinin and IAA is necessary for normal shoot development (Kleine-Vehn and Friml, 2008; Ko et al., 2014) and that cytokinins are involved in the regulation of cell division (Kieber and Schaller, 2014) . Under drought conditions, cytokinins have been shown to regulate plant drought acclimation/adaptation both positively and negatively through a complex network that involves crosstalk with ABA (Li et al., 2016b) . Validating such translocational regulation may shed light on the complex behavior of cytokinins under drought conditions.
The results of our comprehensive study suggest that the time lag between SGR and inhibition of photosynthesis might be important for increasing the levels of various metabolites, including osmolytes that are important for adaptive responses under drought conditions. In the Md3-treated plants, photosynthesis-related carbohydrates, including sugars and starch, were accumulated with alterations in the levels of expression of the associated genes ( Figure 5 ). This accumulation was probably a result of SGR because photosynthesis-related carbohydrates support Figure 7 . Effects of mild and severe drought stress on phytohormone accumulation. Basal region samples and second leaves were collected from seedlings after treatment with different levels of soil moisture for 11 days, with the exception of the plants subjected to the Sds treatment, which were treated for 7 days. (a) Changes in the accumulation of phytohormones. The phytohormone content was measured by LC-MS. The color chart indicates fold-changes in the log 2 values of the relative metabolite content compared with the content of the control (Con) (n = 4-6). n.c. indicates not calculated (i.e. because the level of the Contreated second leaves was not detected, the relative content was not calculated). shoot growth. The most likely reason for this accumulation is considered to be backup for the source of functional metabolites that accumulate under more severe drought conditions, resulting in inhibited photosynthesis and limited carbon sources. It has been reported that carbon allocation, including starch accumulation and degradation, is required for cold acclimation processes (Gorsuch et al., 2010; Wingler, 2015) . In addition, the glucose and starch contents are increased in Arabidopsis leaves under mild osmotic stress .
Global changes of metabolites and transcripts in rice seedlings treated with severe drought stress have been investigated by Maruyama et al. (2014) ; the genes upregulated in seedlings treated with drought stress overlapped greatly with those specifically upregulated by our Sds treatment (69%). In contrast, only slight overlap with the genes specifically upregulated by the Md2 treatment (12%) and with the genes specifically upregulated by the Md3 treatment (24%) was observed, indicating the validity of the results for the Sds treatment and the uniqueness of the Md1-Md3 treatments. In the study by Maruyama et al. (2014) , glucose, fructose and ABA also accumulated due to drought stress, similar to our results with the Sds treatment. Global analysis of transcripts altered by mild drought treatment in maize showed upregulation of genes involved in photosynthesis (Avramova et al., 2015) . Transcriptomic experiments in sugarcane treated with mild, moderate or severe drought stresses indicated that F v /F m decreased as water stress increased, with the most highly represented pathway categories being biosynthesis of secondary metabolites (Li et al., 2016a) . Tiling array analysis of Brachypodium seedlings treated with mild drought stress revealed that the stress did not change the expression level of genes related to cell division, despite the fact that leaf growth was decreased (Verelst et al., 2013) . A study investigating moderate drought responses using a time-course analysis in Arabidopsis showed ABA-responsive genes to be upregulated in the early phase of the stress (Harb et al., 2010) . Although the severity of the stress cannot be directly compared with our study, these results were rather different from our data in rice. This may reflect different characteristics among the different plant species, including the different types of photosynthesis, the different optimal soil water contents for normal growth and the different sensitivities to water deficit. It is noteworthy that the F v /F m ratio decreased with a reduction in the RWC of rice seedlings (Figure 3e, f) , whereas the F v /F m ratio did not fall in Arabidopsis, even when the RWC declined to 30% (Woo et al., 2008) .
Cell expansion and cell division in the SAM of rice seedlings are important for primary shoot growth. We investigated the comprehensive gene expression profiles in the shoot basal region, where the SAM is located. Our results showed that a large number of genes related to cell expansion and cell division were downregulated under Md3 and Sds conditions, suggesting that decreases in the levels of these transcripts contributed to the marked SGR. In particular, reductions in the expression of cell division-related genes distributed in different cell cycle phases were observed (Figure 6f ). The downregulation of these regulators in the SAM under drought conditions must be effective for the immediate and complete suppression of the cell cycle because cells in different cell cycle phases are likely to exist in the SAM. In Arabidopsis, it has been reported that the cell cycle is regulated by the activation of ethylene signaling under mild osmotic stress conditions (Skirycz et al., 2011a) . In rice, however, activation of ethylene signaling may not be involved in cell cycle control under mild drought conditions, as ethylene-responsive genes, such as ERFs, were not upregulated under the Md2 and Md3 treatments. In addition, ethylene treatment promotes hypocotyl growth (Yang et al., 2015) and leaf elongation (Wang et al., 2013) in rice; conversely, ethylene treatment inhibits hypocotyl growth (Yang et al., 2015) in Arabidopsis, and the content of the ethylene precursor 1-aminocyclopropane-1-carboxylic acid increases after the addition of mannitol, which reduces leaf growth (Skirycz et al., 2011a) . These findings suggest that the mechanism for regulating shoot growth under drought conditions differs between Arabidopsis and rice.
Our metabolome analysis showed that the increased sugar content was correlated with the dramatic retardation of shoot growth observed under Md3 and Sds conditions. Glucose markedly accumulated under both Md3 and Sds conditions. This effect is notable because glucose drives target-of-rapamycin (TOR) signaling, which integrates nutrient and energy signaling to promote cell proliferation (Smeekens and Hellmann, 2014; Xiong and Sheen, 2014) and causes accumulation of raffinose and starch (Dobrenel et al., 2013) . Unlike these molecules, most amino acids and amino acid derivatives were found to accumulate only in the Sds-treated plants (Figure 4b ), which suggests that these amino acids are not involved in the drought-responsive retardation of shoot growth. A possible explanation for the observed accumulation of amino acids is that abundant photosynthesis-related proteins, including Rubisco, may be degraded in the Sdstreated plants because photosynthetic performance was decreased in Sds-treated plants (Figure 3e ). The isoleucine and valine accumulated under Sds conditions (Figure 4b ) might be involved in the maintenance of mitochondrial function because the branched-chain amino acids isoleucine and valine function in maintenance of the mitochondrial electron transport chain under carbon starvation (Ara ujo et al., 2010) .
Our results raised two new biological questions. The first is how does SGR occur in plants grown under the Md2 condition (Figures 2a-c and S1A-H) concomitant with stomatal closure (Figure 3c, d) ? This probably includes a mechanism for sensing mild drought stress. Judging from the observed changes in the present study, rice seedlings appear to be able to sense the mild drought stress between the Md1 and Md2 conditions. Because ABA did not accumulate in the shoots or basal region under the Md2 condition (Figures 4j  and 7a ), the distribution of ABA molecules may be changed and affect stomatal closure and shoot growth. Furthermore, the decreased levels of IAA and cytokinins might affect shoot growth. Elucidation of the mechanisms underlying adjustments of the cytokinin and IAA levels might lead to an understanding of the regulation of plant growth under mild drought stress conditions. The second question concerns the identification of the transcriptional regulatory mechanism(s) that decreases the levels of the transcripts responsible for cell expansion and cell division under the Md3 and Sds conditions. The findings of the present study suggest that plants have evolved a cell cycle suppression mechanism that simultaneously suppresses the expression of regulatory genes in all cell cycle phases under stress conditions. Advances in knowledge about the responses of plants to different levels of drought stress indicate the potential development of new biotechnology for enhancing both shoot growth and stress tolerance.
EXPERIMENTAL PROCEDURES
Plant material and development of the soil moisture control system Rice (O. sativa cv. Nipponbare) plants were grown in a greenhouse with a natural photoperiod, a daily temperature between 32°C (daytime) and 25°C (night) and a relative humidity of approximately 60%. The soil moisture control system was developed using a Takemura DM-8 pF sensor (http://www.demetra.co.jp/.), an MPS-2 water potential sensor (Decagon Devices, http://www.deca gon.com/) and a Takemura DM-1000 control unit in the greenhouse; a detailed explanation is provided in the Results section. For the Md1, Md2 and Md3 treatments, SMP values were set to À9.8, À31.0 and À309.9 kPa, respectively.
Metabolite and hormone analyses
GC-MS analysis was performed using a previously described system (Avin-Wittenberg et al., 2015) , comprising a CTC CombiPAL autosampler (http://www.ctc.ch/), an Agilent 6890N gas chromatograph (http://agilent.com./) and a LECO Pegasus III TOF-MS (http://www.leco.com/). LC-MS analysis was performed as described previously (Kojima et al., 2009; Shinozaki et al., 2015) using an LC-MS system (AQUITY UPLC System/XEVO-TQS; Waters, http://www.waters.com/) with an ODS column (AQUITY UPLC HSS T3, 1.8 lm, 2.1 9 100 mm; Waters) for cytokinins and an ultra-high-performance liquid chromatography-Q-Exactive TM system (Thermo Scientific, https://www.thermofisher.com/) with an ODS column (AQUITY UPLC BEH C18, 1.7 lm, 2.1 9 100 mm; Waters) for other metabolites. The Roche Yellow line Maltose/ Sucrose/D-Glucose assay kit (r-Biopharm, http://www.r-biopha rm.com/) was also employed for the glucose quantification. The starch content was determined using the Roche Yellow line Starch assay kit (r-Biopharm). The chlorophyll content was measured using a previously described method (Porra et al., 1989) . ABA quantification through ELISA was performed with a Phytodetek ABA enzyme immunoassay test kit (Agdia, http://www.agdia.com/ ). Quantification of the metabolites and hormones was based on the dry weight of leaf powder.
Chlorophyll fluorescence
The maximum quantum yield of photosystem II photochemistry (F v /F m ) in the third leaves was determined using a pulse- 
Scanning electron microscopy
The middle part of the third leaf blade was frozen in liquid nitrogen. Samples were attached to the aluminum stub with Optimal Cutting Temperature (OCT) compound (Tissue-Tek) and carbon tape (Nissin EM, http://nisshin-em.co.jp/). The stubs were cooled using liquid nitrogen until the OCT compound was frozen and became white in color. The sample was immediately placed under a tabletop-type scanning electron microscope (TM-3000, Hitachi, http://www.hitachi.com/) and observed at 15 kV within 3 min.
Microarray and quantitative RT-PCR analyses
The microarray experiments were performed via the two-color method, and comparisons of control plants with stress-treated plants were conducted as described previously (Mizoi et al., 2013) . The microarray data are available at http://www.ebi.ac.uk/microa rray-as/ae with the accession numbers E-MTAB-4135, E-MTAB-4136, E-MTAB-4137, E-MTAB-4138, E-MTAB-4139, E-MTAB-4140 and E-MTAB-4141. Quantitative PCR was performed using a previously described method (Tanaka et al., 2012) .
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